In a 50 Hz rapid cycling power supply, the resonant sy: current of the synchrotron magnet is modulated by the subharmonics of the source voltage rectified in 12 pulses with SCR. The modulation is found to be caused by the fluctuation of the pulsed power that is transferred to the magnet circuit via a choke transformer due to the cycle-tocycle unequal charging of the capacitor located just after the rectifier. This phenomena is observed when there is a mismatch between frequencies of the power line and resonant magnet circuit. In this paper, the modulation behavior is analyzed and the experimental results are given as well as those of the circuit computations.
INTRODUCTION
In fast-cycling synchrotrons, a pulsed power supply is commonly used as power source for resonant network as shown in Fig Generally, the resonant magnet current is not easily affected by the source voltage disturbances owing to the large stored energy in the resonant network, but it is never immune from the disturbances. In a 50Hz rapid cycling power supply system [I, 21, modulation of the resonant current was observed and found to be caused by the harmonics, especially the subharmonics of the source voltage generated by a 12-pulse SCR rectifier. In this paper, the investigation on the effect of the source voltage on the resonant output is performed by both computation and experiment. To the best of our knowledge, the existing analyses [3, 41 were all canid out on an assumption of harmonics-free source voltage. This suggests a new approach that has to be developed to investigate the system response to source voltage harmonics. The approach described in this paper is based on the general method on the analysis of linear circuits containing periodically operated switches. The properties predicted by the computation are well justified by the experimental observations.
EFFECT OF SUBHARMONICS ON RESONANT CURRENT
The pulsed supply and its resonant network fit into the category of linear time-varying networks. Because of the periodical switching operation, the circuit reduces to the special class of linear, periodically time-varying networks. . We first present the system response to an sinusoidal or exponential input in time domain and describe the properties of the response. Then an analysis in frequency domain shows the sidebands containing in the pulse current I,, and resonant current I,,,.
I Time domain

Approach
Generally the circuit can be described by the following differential equations with respect to the periods of switching-off and switching-on as follows, (1 4 (1 .b)
where Xn,k is a state vector, U an input vector, Yn,k an output vector, n the n-th operation and k=l, 2 means the state of switching off and on, respectively. Fig.2 illustrates the notations for the n-th switching period.
Figure 2: Notations for n-th switching period.
At the switching instants tn,2 and tn,3, the boundary conditions can be described by the state transient matrices 0-7803-4376-X/98/$10.00 0 1998 IEEE F, and F, as follows.
Xn,2('n,2)='2Xn,l(tn,2)+G2u(tn,2)
Xn+1 ,I (tn,3 )='3Xn,2(tn,3)+'3~(tn,3)
Assuming u(t)=vePt, where v is a constant and p is a complex number, the solution is given by
b) The solution (3), together with (2) can be computed successively from a given initial vector to get the response, but a useful result about the boundary conditions is obtained as follows by manipulating further.
where
and
It is noticed from (4) that X,,(nT) consists of two terms. The first term represents the transient mode while the second is the steady-state mode. For n+= , Mn +O and we get the steady-state result,
From the repetitive computations of equations (2)-(7), the response in time domain is obtained.
Xn,l (nT),, =JePnTv. non-characteristic harmonics that arise from '"ideal" converter operation. The non-characteristic harmonics called subharmonics are the components with lower frequencies than the converter's fundamental frequency. Assuming the power line frequency fo, the subharmonics are of frequencies hf,,, where h is an integer. For the model system under discussion, fo=50Hz and hc12. The calculation shows that the subharmonics appear as a modulation with frequency f,=hAf in resonant output as shown in Fig.3 , where Af=lf,-f,,l and f, is the switching hquency.
~~--------_, Modulation frequencies can be determined by investigating the variation mode in the boundary condition. For an input subharmonic vs = e Jh27cfot according to (7), the state vector is given at each beginning instant of switching period for steady-state operation as: j h2nnfo/fs X (nT) = Je n,l It is seen that X,,(nT) varies at a quasi-periodic mode with frequency f,=hAf, accordingly the system outputs will also vary with the same way. f,,, is not a rigid frequency but always holds a value close to M f . (1) and (2), respectively. It is concluded that for a subharmonics hf,, the output contains sidebands: nf$hAf plus lowerfrequency hAf, where n=1,2,3, ... 
Frequency domain
EXPERIMENTS
The modulation in resonant current was measured and the relation to the subharmonics of lOOHz was obtained as in Fig.5 . In the model pulsed power supply, the prominent subharmonic frequency is lOOHz due to the configuration 
CONCLUSIONS
Analytical model based on the Liou's approach is used to adapt for the periodically operated SCR switch in the linear time-varying circuit whose frequency is different from the line frequency. This approach explains the experimental observations on the amplitude modulated ac current of the fast cycling synchrotron magnet quite well.
